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PHYSICAL AND CHEMICAL REACTIONS OF ISOPRENE AND FLUOREL 
ELASTOMERS BETWEEN -150° C AND 150° C 

By Joseph H. Judd 
Langley Research Center 

SUMMARY 

Experimental studies of isoprene elastomer and a closed-cell Fluorel elastomer 
which are candidate materials for spacecraft use were made by the differential thermal 
analysis technique over a temperature range from -150° C to 150° C at a pressure of 
100 kN/m2 and a reduced pressure of approximately 2 N/m2. The thermograms and 
pressure measurements showed a subzero reaction in both elastomers which produced 
water vapor as an effluent. 

A glass transition temperature of -62° C was manifested by the isoprene thermo- 
grams. However, the glass transition temperature of the Fluorel could not be definitely 
established by this technique. 


INTRODUCTION 

Applications of elastomers in spacecraft systems and subsystems and in expandable 
space structures impose a wide range of temperature on these materials. Within this 
temperature band, the mechanical behavior of these elastomers can change from high 
ultimate stress and low ultimate strain at low temperatures to low ultimate stress and 
high ultimate strain at high temperatures. This change in material properties occurs 
above the glass transition temperature. While glass transition temperatures have been 
measured for many pure polymers (e.g., ref. 1), commercial formulations differ from the 
pure polymer, and polymer preparation also affects this property. Thus, the glass transi- 
tion temperature of a commercially formulated polymer may vary significantly from that 
of the pure polymer. 

Differential thermal analysis measurements were made to determine glass transi- 
tion temperatures for two elastomer formulations: isoprene elastomer, which was one of 
several candidate materials for a flexible window for spacecraft (ref. 2), and a closed-cell 
Fluorel foam, which is a candidate for use inside manned spacecraft cabins and expand- 
able space structures (ref. 3). Determination of the glass transition temperature is nec- 
essary to establish the lowest temperature for deployment of flexible structural elements 
incorporating these elastomers. 



The differential thermal analysis measurements were made over a temperature 
range from -150° C to 150° C at static pressures of 100 kN/m^ (1 atm) and approximately 
2 N/m2 (2 X 10-5 atm). The trapped effluent was analyzed with a mass spectrometer. 

MATERIALS 
Isoprene Elastomer 

The polymer specimens were taken from a clear transparent sheet of isoprene 
elastomer that was supplied as a candidate for a flexible window matrix for spacecraft 
(ref. 2). The basic polymer was a cis-l,4-polyisoprene which has the same structure as 
natural rubber. The elastomer of this investigation was compounded of polyisoprene, a 
cross-linking agent, and an absorber for ultraviolet light, as shown in the following table: 


Constituent 

Parts by weight 

Polyisoprene: 

100 

CH2:CHC(CH3):CH2 


Cross-linking agent: 

1.25 

2 , 5 -bis(tert-butylperoxy) -2,5 -dimethylhexane 


Ultraviolet absorber: 

0.6 

2-hydroxy-4-methoxy-benzophenone 



Closed-Cell Fluorel Foam 

The Fluorel elastomer that was used for the preparation of the closed-cell foam is 
a copolymer of hexafluoroprene (CF 2 :CFCF 3 ) and vinylidene fluoride (CH2:CF2) which 
had proprietary compounding to allow foaming and to lower the usable temperature limits. 
Unpublished data indicate that Fluorel closed-cell foam is nonflammable in 100 percent 
oxygen at a pressure of 42 kN/m2, and thus is a candidate for interior use in manned 
spacecraft. The low-temperature brittle point of the base polymer before compounding 
is -25° C. 


TEST EQUIPMENT 
Differential Thermal Analysis System 

Sketches of the subzero differential thermal analysis (DTA) test apparatus used in 
the investigation are presented in figure 1. The temperature difference between the test 
and reference specimens is indicated by the electric potential across the two iron- 
constantan ring thermocouples which were connected in series. These thermocouples 
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are located in a copper sample holder which is heated or cooled to produce the tempera- 
ture changes in the specimens. The temperature within the sample holder is measured 
by an iron-constantan reference thermocouple. 

The elements of the subzero DTA system are a furnace platform, a furnace pro- 
gramer, a furnace controller, a dc amplifier, a derivative computer, x-y recorders, and 
a mechanical vacuum pump. The operating ranges are -150° to 150° C and -150° to 
300° C. A liquid nitrogen (LN2) flask which is suspended beneath the furnace platform 



(a) Diagram of sxibzero DTA test apparatus. 

Figure 1.- Suibzero differential thermal analysis equipment. 
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supplies the coolant to reduce the sample -holder temperatures. The coolant, gaseous 
nitrogen, is produced by electrically heating the LN 2 to the boiling point. To increase 
the sample-holder temperature above approximately -50° C, electric resistance heaters 
inside the sample holder are used. The sample holder is enclosed by the furnace plat- 
form and a vacuum bottle. The enclosure is connected to a vacuum system (fig. 2) which 
has a nominal capability of attaining a pressure of 1.33 N/m2. In addition, DTA tests 
may be made at ambient pressures. 


Insulated cap 


Reference material on 
aluminum dish 

Ring thermocouple 


Insulation 


Reference-material 
thermocouple Junction 


Elastomer seal- 



San5)le -holder cover 


Reference thermocouple 

Specimen on aluminum dish 

Specimen thennocouple Junction 
- — Copper sample holder 



(h) Sample holder and thermocox^ile arrangement. 
Figure !•- Concluded. 
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The full-scale recorder range is 10 mV, which corresponds to a 19.05-cm vertical 
displacement of the recorder pen. For these tests the potential difference between the 
specimen and reference-material thermocouples gives a temperature-difference scale 
of 0.1109 °C/cm at -125° C, 0.0839 °C/cm at 0° C, and 0.0765 °C/cm at 125° C. 

Vacuum System and Gas-Samplii^ Arrangement 

A schematic diagram of the vacuum and gas -collection system is shown in figure 2. 
The manifold represented in this figure is common to all elements of the thermal analysis 
system although only the subzero system lines are drawn in this sketch. Tubing of 
14.7-mm diameter is used to connect the manifold and the subzero instrument to the col- 
lection loop. All hardware in the collection loop is of stainless steel. Quick-disconnect 
fittings are employed to facilitate the removal of the 500-cm3 sample bottle after collec- 
tion of the desired effluent gas. In normal operation, the effluent gas is pumped through 
the sample bottle. Samples of the gas were collected by closing the bottle shutoff valves 
and opening the bypass valves. 
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Mass Spectrometer 


A time-of -flight mass spectrometer was used to identify the effluent gas. A quick- 
discoimect fitting was installed on the mass spectrometer gas-injection system to couple 
the sample container to the instrument. Mass data were visually observed on an oscillo- 
scope, and a direct-recording oscillograph produced the spectrogram. 

TESTS AND MEASUREMENTS 
Programer Rate Calibration 

To determine the furnace programer rate and its effect on thermograms, tests 
were made by using aluminum pans on each ring of the ring thermocouple. The instru- 
ment was placed in the cooling mode to decrease the sample-holder temperature from 
ambient to the instrument's low value of -150^^ C and then switched to the heating mode 
to increase the sample-holder temperature. Several features are evident on these ther- 
mograms which must be kept in mind during analysis of specimen data. These features 
are vertical displacements on the thermograms which occur after the start of the test 
run, after the change from the cooling mode to the heating mode, and after the change 
from a passive heat input to an electric heater between -100° C and -50° C during the 
heating phase. 

During each of the rate calibration runs, timing marks were manually noted on each 
thermogram. An approximate temperature rate was obtained by dividing the temperature 
difference by the corresponding time interval. Figure 3(a) presents some measured val- 
ues for the calibration thermograms. The equipment manufacturer's recommended rate 
for the subzero DTA was 5 °C/min, and these data indicate that a setting of 14 should be 
used. Figure 3(b) presents some average rates of temperature change at various 
specimen-holder temperatures for this setting. However, as shown in figure 4, which 
was plotted from data of reference 4, the indicated rate of change of temperature with 
electrical potential of the iron-constantan thermocouple increases almost 50 percent from 
temperatures near 0° C to near -150° C. This accounts for the high values of programer 
rate at the lower temperatures. The estimated average rate, 5.75 °C/min, will be used 
hereinafter. 


Sample-Holder Temperatures 

In order to determine the relation between the sample-holder temperature as mea- 
sured by the reference thermocouple and the temperature of the specimen, a series of 
calibration-grade chemicals were run in the subzero DTA system. The test procedure 
for both liquids and solids involved a decrease in temperature to -150° C followed by an 
increase in temperature beyond the melting point. Since supercooling of the liquid below 
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Figure 5 .- Measured ten5)erature rates for calibration thermograms. 
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Figure Characteristics of the iron-constantan thermocouple. 




Quoted melting point, OC 

Figure 5»- Comparison of melting points as determined by USA with the meltiiig points 

for calibration-grade chemicals. 

the freezing point was observed, the melting point was taken as the calibration point. The 
melting point was taken at the intersection of the average slope of the thermogram before 
melting and the initial slope during the melt thermogram. The data are shown in figure 5 
and indicate that good temperature correlation occurs in the sample holder. 

Thermal Analysis Measurements 

DTA measurements were made on a 0.0039-mg specimen of isoprene elastomer at 
a pressure of 100 kN/m2 over a range from -150° C to 100° C. To examine the material 
behavior at low pressure, another 0.0039-mg isoprene elastomer specimen was put into 
the sample holder and the system was pumped down to a pressure of 2 N/m2. Then DTA 
measurements were made from -150° C to 100° C. The pressures of the manifold were 
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recorded by the operator during the test. These procedures were duplicated with 
0.0088-mg specimens of closed-cell Fluorel foam over a range from -150° C to 150° C. 

In order to determine whether volatile residues were present in the materials, test 
specimens of the elastomers were preconditioned for 24 hours by exposure to air at 
either (1) ambient laboratory pressure and a temperature of 75° C, (2) reduced pressure 
of 1 mN/m2 and a temperature of 22° C, or (3) reduced pressure of 1 mN/m2 and a tem- 
perature of 75° C. These preconditioned specimens were tested in the DTA equipment at 
a pressure of 2 N/m2. 


Effluent-Gas Identification 

During the thermal analysis measurements of the polymers, samples of the effluent 
gas were trapped in the sample bottle. Gas samples were taken during the reactions 
when the manifold pressure gage indicated approach to a pressure peak and at 100° C. 

In each case the sample bottle was disconnected from the DTA vacuum system and 
attached to the injection system of the time-of-flight mass spectrometer. After a short 
pumpdown of the lines to reduce the quantity of enclosed air, the gas-bottle shutoff valve 
was opened and the effluent gas was injected into the spectrometer. 

RESULTS AND DISCUSSION - ' 

Thermogram Characteristics 

The DTA thermograms of isoprene elastomer and closed-cell Fluorel foam, fig- 
ures 6 and 7, respectively, indicate changes in molecular segment mobility over a tem- 
perature rar^e between -130° C and 15° C. Within this temperature range, transition 
phases occur which change the mechanical behavior of the polymer from that of a rubber 
to that of a glassy material. The generally accepted divisions of polymer physical behav- 
ior (ref. 1) are (1) the glassy state, (2) the leathery state, (3) the rubbery state, and 
(4) the viscous state. In the range between -130° C and 15° C, several transitions 
between the states of molecular or molecular chain segment activity are expected and are 
in fact shown on the thermograms. The thermogram of isoprene made at a pressure of 
100 kN/m2 shows a correspondence between the heating and cooling phases which indicates 
a reversible process. At the temperature rates used to produce the thermograms, the 
heating phase appeared to give better definition of the polymer state changes than the 
cooling phase. This result can be attributed to different values of the molecular partition 
functions during heating and cooling changes or to a phenomenon comparable to the super- 
cooling of water. 
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(b) Variation of pressure during the thermal cycle. 


Figure 6,- Pressure ^d thermal measurements for isoprene elastomer. 














Polymer Molecular State 


The temperature range of this study spans the crystallization regime and the glass 
transition region of these two polymers. At the glass transition, chain segments of poly- 
mer molecules participate as units in the general kinetic agitation. This produces a dif- 
ference in polymer specific heats between the different regions of energy absorption. 
Changes in slope and displacements that are associated with transition changes are shown 
and discussed in references 5 to 8. An analysis in reference 5 shows that the differential 
temperature curve plotted against surface temperature should be sigmoidal in shape. A 
graphical method of analysis was used herein to determine inflection and displacement 
temperatures, whereby the slope of the differential temperature on the thermogram is 
approximated with straight lines. Figure 8 presents the thermogram of isoprene elasto- 
mer with the straight-line approximations and shows the glass transition temperature to 
be -62° C for both heating and cooling cycles. From four separate tests with approxi- 
mately the same specimen weight, the arithmetic mean of the glass transition tempera- 
ture was -60.5° C for the heating cycle and -63.8° C for the cooling cycle, with mean 
deviations of 1.9° C and 1.5° C, respectively. This compares with a value of -75° C for 
natural rubber from reference 1. However, an additive used in the formulation of the 
isoprene induces a higher degree of cross-linking, which raises the transition 
temperature. 

The location of a glass transition temperature for the closed-cell Fluorel foam is 
shown in figure 9. This value, 0° C, contrasts with a measured brittle point for the poly- 
mer of -25° C and a nominal usable lower temperature limit of -54° C from unpublished 
data. Reference 1 states that block and graft copolymers may have two transition tem- 
peratures, one close to the value of glass transition for each polymer. The measured 
value in this report corresponds to a higher temperature transition point. There are pos- 
sible transition points at approximately -50° C and -79° C shown on the heating phase of 
the thermogram that are not obvious on the thermogram during the cooling phase. 

Low-Temperature Reaction Phenomena 

An unexpected result of the thermal analysis measurements reported herein was 
the observation of a first-order thermal reaction which occurred during the heating cycle 
for both elastomers at reduced pressure. Figures 6 and 7 for isoprene elastomer and 
closed-cell Fluorel foam show this peak and also the increase in manifold static pressure 
that accompanies it. The gas samples collected at -10° C and 100° C from isoprene elas- 
tomer and at -30° C from closed- cell Fluorel foam were all composed of O 2 , N 2 , large 
amounts of H 2 O, and traces of CO 2 . The sample collected at 100° C from closed-cell 
Fluorel foam differed in that it contained a moderate amount of CO2. 
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Figure 9*~ Glass traasition determination for 0.0088-mg specimen of closed-cell Fluorel foam. 

Reference material is aluminum. 


Quantitative values of the mass spectrometer peaks were not obtained, but the O 2 
and N2 peaks were in the approximate ratio of 1:4, as was expected since there was 
residual air in the system. The ratio of CO 2 to the residual air for both samples of 
effluent from isoprene elastomer and the low-temperature sample from the closed-cell 
Fluorel foam was slightly larger than that for atmospheric air. The ratio of CO 2 to the 
residual air for the sample collected at 100° C from the closed- cell foam was more than 
three times that present in atmospheric air. The detection of carbon dioxide in the 
effluent gas is probably due to permeation of the gas from the interior of the cells to the 
sample-holder chamber, since material permeability is a direct function of the 
temperature. 

The water -vapor peak was several times greater than the N 2 peak, a fact that tends 
to eliminate residual air as the source. Minor endothermic peaks on the heating cycle at 
a pressure of 100 kN/m^ and the corresponding exothermic peaks on the cooling cycle are 
smaller representations of the water -vapor peak. Figure 10 relates thermal events and 
measured pressure for isoprene elastomer and water-vapor pressure over ice from 



Figure 10.- Relationship of thermal events and presstire for Isoprene elastomer. 
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reference 4. When the lag in manifold pressure is taken into consideration, the large 
endothermic peak for isoprene elastomer is seen to be related to the vaporization of 
water. 

Potential sources for the water are interior free water from either absorption or 
the residue of polymer processing, chemically bound water from the catalyst and chain- 
termination hydrogen and hydroxyl ions, and water physically bound by Van der Waals’ 
force. Experimental evidence in favor of the physically or chemically bound water is 
found in the weak exothermic peak at -40° C for isoprene elastomer. When the thermo- 
grams and manifold pressures of isoprene after preconditioning at 75° C and a pressure 
of 1 mN/m^ for 24 hours were compared with thermograms and pressures of corre- 
sponding unconditioned specimens, a similarity was noted. This would appear to reduce 
the possibility that the specimens contained interior free water. 

The thermogram for closed-cell Fluorel foam (fig. 7(a)) shows an exothermic peak 
with the apex at -20° C. For this polymer, it appears that a chemical reaction must 
exist. Since the reaction is exothermic, it probably is related to chain extension and 
cross-linking, with the formation of water from hydrogen and hydroxyl ions. 

C ONC LUDING RE MARKS 

Differential thermal analysis measurements were made at a pressure of 100 kN/m2 
and at a reduced pressure of approximately 2 N/m2 for isoprene elastomer at tempera- 
tures from -150° C to 100° C and a closed-cell Fluorel foam at temperatures from 
-150° C to 150° C. 

The glass transition temperature of the isoprene elastomer was found to be -62° C, 
as compared with a glass transition temperature of -75° C for natural rubber. The low- 
pressure thermograms showed the presence of a subzero reaction that produced water as 
an effluent vapor for both isoprene elastomer and closed-cell Fluorel foam. It is recom- 
mended that further critical investigations of this phenomenon be conducted before appli- 
cation of these elastomers for external use in proximity to instruments on spacecraft. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va., October 31, 1970. 


15 



REFERENCES 


1. Meares, Patrick: Polymers: Structure and Bulk Properties. D. Van Nostrand Co. 

Ltd., C.1965. 

2. Williams, Jerry G.: Flexible Reinforced Composite Window Material. Transactions 

Third Aerospace Expandable and Modular Structures Conference, AFAPL TR 68-17, 
U.S. Air Force, 1968, pp. 63-88. 

3. Cordier, Kenneth L.; and Cross, William B. : Materials Technology Advancement Pro- 

gram for Expandable Manned Space Structures — Final Report. NASA CR-66949, 
1970. 

4. Hodgman, Charles D.; Weast, Robert C.; Shankland, Robert S.; and Selby, Samuel M., 

eds.: Handbook of Chemistry and Physics. Forty-fourth ed. , Chem. Rubber Pub. 
Co., C.1961. 

5. Strella, Stephen: Differential Thermal Analysis of Polymers. I. The Glass Transi- 

tion. J. Appl. Polymer Sci., vol. 7, no. 2, Mar. 1963, pp. 569-579. 

6. Wunderlich, Bernhard; and Bodily, David M.: Dynamic Differential Thermal Analysis 

of the Glass Transition Interval. J. Polymer Sci., Pt. C, no. 6, 1964, pp. 137-148. 

7. Keavney, J. J.; and Eberlin, E. C.: The Determination of Glass Transition Tempera- 

tures by Differential Thermal Analysis. J. Appl. Polymer Sci., vol. HI, no. 7, 
Jan.-Feb. 1960, pp. 47-53. 

8. Martin, Alton E.; and Rase, Howard F.: Use of Differential Thermal Analysis in 

Studying Glass Transitions and Thermal Degradation of Polystyrene. Ind. Eng. 
Chem., vol. 6, no. 2, June 1967, pp. 104-108. 


16 


NASA -Langley, 1970 18 


L-7414 


I 


National Aeronautics and Space Administration 
Washington, D. C. 20546 


OFFICIAL BUSINESS 


FIRST CLASS MAIL 


• 05U 001 43 51 30S 70348 00903 

AIR FORCE WEAPONS LABORATORY /WLOL/ 
KIRTLANO AF8, NEW MEXICO 87117 


POSTAGE AND FEES PAID 
NATIONAL AERONAUTICS A1 
SPACE ADMINISTRATION 


ATT E. LOU BOWMAN, CHIEF, TECH. LIBRARY 


POSTMASTER: 


If Undeliverable (Section 151 
Postal Manual ) Do Not Retu 


"The aeronautical and space activities of the United States shall be 
conducted so as to contribute ... to the expansion of human knowl- 
edge of phenomena in the atmosphere and space. The Ad?n ini strati on 
shall provide for the tv ides t practicable and appropriate dissemination 
of information concerning its activities and the results thereof.” 

— National Aeronautics and Space Act of 1958 


NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 


TECHNICAL REPORTS; Scientific and 

technical information considered important, 
complete, and a lasting contribution to existing 
knowledge. 

TECHNICAL NOTES: Information less broad 
in scope but nevertheless of importance as a 
contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: 
Information receiving limited distribution 
because of preliminary data, security classifica- 
tion, or other reasons. 

CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 


TECHNICAL TRANSLATIONS: Information 


published in a foreign language considered 
to m^it NASA distribution in English. 


SPECIAL PUBLICATIONS: Information 
derived from or of value to NASA activities. 
Publications include conference proceedings, 
monographs, data compilations, handbooks, 
sourcebooks, and special bibliographies. 


TECHNOLOGY UTILIZATION 
PUBLICATIONS: Information on technology 
used by NASA that may be of particular 
interest in commercial and other non-aerospace 
applications. Publications include Tech Briefs, 
Technology Utilization Reports and Notes, 
and Technology Surveys. 


Details on the availability of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C. 20546 



